Recently, the existence of a perfect lens has been predicted, made of an artificial material that has a negative electric permittivity and a negative magnetic permeability. For optical frequencies a poormans version is predicted to exist in the sub-wavelength limit. Then, only the permittivity has to be negative, a demand that metals fulfill at optical frequencies. We propose a new measurement scheme to verify the performance of such a negative permittivity near-perfect lens at optical frequencies. The scheme is based on near-field scanning optical microscopy and single molecule detection. Prerequisite near-field single molecule data, necessary to assess the performance of the lens, is presented. A numerical evaluation, which includes absorption, of the expected performance of a slab of a realistic negative permittivity material confirms the merits of the scheme.
Introduction
Since the prediction of the existence of a perfect lens by Pendry in PRL [1] , the scientific community has picked up the challenge to prove the expected focusing and amplification of evanescent electromagnetic waves by a slab of left handed material (LHM). In a left handed material both the relative electric permittivity ε as well as the relative magnetic permeability µ are negative. Already in 1968, Veselago showed that such a LHM slab would refract electromagnetic waves 'the other way around', reversing Snell's law [2] . This reversal of the law of refraction allows one to use a planar LHM slab to focus propagating waves and hence be used as a substitute for a positive lens. The resolution of the image formed by a conventional positive lens is governed by the diffraction limit, as only propagating waves coming from an object are focused. The evanescent waves, present in the near field of the object and which contain information on the high spatial frequency components of the object, decay exponentially with distance from the object. This can be understood from a Fourier decomposition of the electric field coming from an object into plane waves:
Here, k x and k y are the spatial frequencies in the x and y direction respectively and ω is the frequency of the light. Furthermore, k x , k y and k z are coupled:
Two situations can arise: the first is when ω 2 c −2 > k 2 x + k 2 y , so that k z is real and the corresponding term in equation 1 is a phase factor. Thus, the plane wave is propagating. On the other hand, if ω 2 c −2 < k 2 x + k 2 y , then k z is imaginary and the resulting evanescent wave is exponentially decaying in the z direction. Therefore, a classic lens cannot recover evanescent waves when it is used to construct an image of the object. As a consequence, the image is imperfect due to the loss of spatial information, corresponding to the high k x and k y values. The prediction by Pendry, which was not without controversy, was however that a slab of LHM can also amplify exponentially decaying evanescent waves [1] . The LHM lens can therefore include the evanescent fields coming from the object. The combination of focusing and amplification yields a perfectly reconstructed image, hence the term 'perfect lens'.
Though the concept of negative refraction is already a few decades old, experimental evidence of negative refraction by left handed material was presented just recently for the GHz range [3] . Here, the LHM slab was comprised of an engineered material using copper split ring resonators (SRRs) and wire strips. The combination of the SRRs and wires results in material with a negative µ and ε for a certain frequency band.
However, at optical frequencies in the range of several hundreds of THz, the constraint of having a negative ε as well as a negative µ cannot be fulfilled by any known natural material. A negative permittivity is attainable by metals near the plasma frequency, but then still µ ≈ 1. Scaling down SRRs to appropriate dimensions for visible light is unfortunately not feasible.
Pendry showed that there is a way out: in a quasi-electrostatic approach, the magnetic and electric fields can be considered decoupled and for P-polarized evanescent waves only the permittivity will be of relevance, regardless the value of µ. In other words, in a quasi-electrostatic case a negative permittivity suffices for creating a perfect lens. This imposes a new extra constraint on the detection scheme: for the electrostatic limit approach to be valid, all relevant dimensions must be such that retardation effects can be neglected. Thus, the entire object-lensimage system has to be much smaller than the wavelength of the light.
Absorption of light by the negative permittivity material will set an upper limit on the highest spatial frequency that can be mapped by the lens. As we will show, this does not impair the use of the negative permittivity lens for sub-wavelength imaging for k-values up to and including ≈ 10 · 2π/λ . We anticipate that, rather than being used for 'perfect' imaging purposes, the negative permittivity lens will find its use primarily in applications where sub-wavelength information in the form of evanescent waves is to be transferred and where only a discrete response is required, like in data storage and lithography. In these situations, the sensitivity of the lens to the polarization or, more useful in the near field, the actual E x , E y and E z field components is less of an issue. Some features of the negative permittivity lens on the individual field components will be explored in this paper.
Up to now, much effort was put in numerically evaluating the optical properties of both LHM and negative permittivity material (NPM). Simulations indicate that the LHM slab indeed can amplify an incident evanescent wave. The transfer function |τ| for spatial frequencies k x and k y of a LHM slab can be near 1, where the highest spatial frequency that is imaged without distortion is limited by the absorption of the LHM slab [4, 5] . In the infrared regime, the applicability of the SRR/wire strips combination is investigated by the use of 2D transfer matrix method simulations [6] . Furthermore, the requirements for near-field amplification of exponentially decaying waves with a NPM lens are equal to the requirements for having a surface plasmon on the surface of the lens. It is therefore generally believed that surface plasmons are responsible for the reconstruction of the sub-wavelength features of the electric field [7] .
Experiments that address the essential property of the NPM lens -amplification of evanescent waves and the recovery of high spatial detail -have also been performed. For example, AFM has been used to probe the height pattern of a developed film of photoresist, obtained after illuminating a mask with features the size of a few wavelengths down to the sub-wavelength scale in combination with a silver layer [8] . Far-field measurements also indicate the existence of enhanced transmissivity of evanescent waves through a silver film, where the evanescent waves are excited through surface roughness and the dipole radiation characteristics of the surface scatterers are analyzed [9] . However, direct evidence by measuring the local field of the image and comparing it with the field of the object is still missing.
We propose a measurement scheme in which both the optical source as well as the detector have sub-wavelength dimensions: a combination of near-field scanning optical microscopy (NSOM) and single molecule detection (SMD) is capable of revealing the effect of the NPM lens on the individual components of the near-field and allows a direct comparison of the object and image fields. The single molecules will act as vectorial detectors of the fields so that not only the magnitude but also the direction of the reconstructed field can be determined. The scheme is therefore ideal for evaluating the imaging properties of the NPM lens.
A direct near-field method
The measurement scheme comprises the following ingredients: a sub-wavelength source of evanescent waves, hence our object in 'object-lens-image' terms, is a Focused Ion Beam (FIB) modified NSOM fiber probe [10] . A thin (∼20 nm) layer of metal, which is our negative permittivity material, is placed on a rigid polymer matrix. The metal layer will act as the lens. The polymer layer contains fluorescent molecules in a concentration that allows individual addressing of each molecule (typically 10 −9 M). An accurate height control allows precise control over the distance between the NSOM probe and the sample [11] . The setup is schematically shown in Fig. 1 .
As previously said, the single molecules will act as the required sub-wavelength detectors of the evanescent fields reconstructed by the negative permittivity lens. The fluorescence of a molecule directly reveals the local electromagnetic fields: the fluorescence intensity I fl of the molecule is related as I fl ∝ E · µ. Here, E · µ is the vector dot product of the local electrical field E and the transition dipole of the molecule µ. Note that the molecule's fluorescence is sensitive to both the absolute value of the local electrical field as well as its orientation with respect to the dipole [12, 13, 14] . As a result, the full vectorial field coming from the sub-wavelength object can be explored. Fig. 1 . Proposed near field set-up to evaluate the performance of the NPM lens. A NSOM probe is used as a sub-wavelength source of evanescent fields and is brought to within a few tens of nanometers away from the NPM lens by using shear-force feedback. The NPM lens is placed on a layer of a polymer matrix containing fluorescent molecules that are individually addressable and will act as sub-wavelength detectors sensitive to the vectorial nature of the local electromagnetic field. Shown in the red circle is a FIB image of a real NSOM probe with an aperture diameter of ∼ 100 nm.
The field components of a FIB modified NSOM fiber probe can be approximated by an analytical model formulated by Bethe and Bouwkamp, for probes having a low surface roughness [15, 16, 17] . For an aperture diameter of 100 nm, typical for a NSOM probe, a calculation based on the Bethe-Bouwkamp model is shown in Fig. 2 for a distance of 20 nm from the aperture.
Shown are, from left to right, the fields E x , E y and E z respectively, where the subscript denotes the direction of the field. The planar wave used for the excitation is polarized in the x-direction as indicated by the E exc symbol. The strongest field component near the aperture is E x and it has the same direction as the polarization of E exc . Orthogonal to E x , but still in a plane parallel to the aperture, is E y . The amplitude of this field is lower than the E x field by more than a factor of seven. The last field present near the hole, E z , is orthogonal to both E x and E y and it is only by a factor of two weaker than E x , Measurement schemes for mapping local fields employing local scatterers or fluorescent beads are unable to distinguish between the field components as they only detect the local intensity distribution. However, a single molecule is sensitive to both field amplitude and its direction. It therefore exclusively probes the local field in the direction of its transition dipole moment. By using differently oriented molecules it becomes possible to distinguish between the local field distributions in the various directions. The sensitivity of single molecules to various field directions is illustrated in Fig. 3(a) . Experimental data depicted in Fig. 3(b) proves that single molecules actually map the local field of the NSOM probe.
Since for propagating waves, the NPM lens is not expected to enhance the image, the E x field will be less suitable as an object since it also has propagating components (real k z ). In contrast, to probe the predicted lensing by a negative permittivity slab, measuring the E z field is ideal to use as an object, because E z is strongly evanescent. Nevertheless, both field components are evaluated in the simulations below to gain understanding of the near-field behavior of the NPM lens with respect to polarization.
Expected performance of the near-field set-up
In order to gain insight into the expected fields in our measurement scheme, we have modeled the measurement scheme presented here using a commercially available three-dimensional finite integration technique solver [18] . The schematic layout of the simulation model is shown in Fig. 4 . The NSOM probe is modeled by a perfectly electrically conducting screen, with a circular aperture in it of a diameter of 100 nm. The NPM lens is described by a lossy Drude metal, modeled as Here, ε ∞ is the dielectric response in the infinite frequency limit, ω p is the plasma frequency and γ is the electron collision rate. In the following, all parameters are chosen such that the Drude response closely resembles that of silver [19] . No further assumptions are made. Specifically, no quasi-static approximations are made. First, the situation without the NPM lens is regarded, where the simulation is basically a Bethe/Bouwkamp-like calculation of the electric field near a sub-wavelength hole. This threedimensional calculation will be the reference pattern to which subsequent calculations will be compared. A plane wave (λ 0 = 356 nm) travels from the top of the simulation space towards the screen. The field components E z and E x that are induced at the aperture are evaluated along a line parallel to the screen at two distances from the aperture: at 10 nm away, corresponding to position 1 in Fig. 4 , and at 40 nm away from the aperture, corresponding to position 2 in the same figure. Note that 10 nm is a typical probe-surface distance in near-field microscopy.
The normalized field magnitude of the E x and E z components at position 1, i.e. at 10 nm distance, is evaluated and is presented in Fig. 5 . The result for this distance is represented by the blue line. Also without the lens, the normalized field magnitude at 40 nm distance, i.e., position 2, is evaluated and is represented by the green line. The field magnitudes are normalized to allow easy comparison of the shape of both fields. It is immediately visible that both the E x and the E z field components broaden with distance. Also, small lobes present in the E x field at 10 nm from the screen are lost after a distance increase of 30 nm. The broadening is a direct consequence of Eq. 2 in case of an imaginary k z : high spatial frequency, i.e., sub-wavelength, information and thus the 'sharpness' or confinement of the field distribution, decays with distance. The amount of broadening of the field distribution is however different for both the field components. For the E x field, the full width at half the maximum (FWHM) increases by a fac- tor of 1.2 for an increase in distance of 30 nm. The E z field undergoes a significantly larger broadening over the same distance: the FWHM of a single lobe increases by a factor of 3.4.
Subsequently, while keeping the rest of the configuration the same, we introduce a 20 nm slab of negative permittivity material in the calculation. The Drude metal is driven at a frequency corresponding to the wavelength λ 0 in air, and exhibits a permittivity ε = −1 + 0.4i at that frequency. The fields are again evaluated at position 2 and plotted in Fig. 5 as red curves.
Clearly, the results obtained by the simulations show that the slab of negative permittivity material recovers the sharpness of the fields at position 2 behind the lens. For the E x component, the FWHM of the red curve is nearly identical to the FWHM of the green curve, suggesting some focusing. Furthermore, some of the detail in the form of lobes that had been lost without the lens is reconstructed. Shoulders appear in the pattern more than 100 nm away from the center. These shoulders might be attributed to resonances in the transfer function of the NPM slab, caused by deviations from the ideal lossless and quasi-static situation [20] . For the E z field, the red curve is much more confined when compared to the green curve. We can define the relative effect on the FWHM as the ratio of the width of the field at 40 nm without the NPM slab to the width of the field at 40 nm with NPM slab (FWHM 40 nm /FWHM 40 nm,lens ). This ratio is for the E x field 1.3 whereas FWHM 40 nm /FWHM 40 nm,lens for a single lobe of E z is 1.9. The E z field is ideal to probe the performance of the lens, because of two reasons. The first is that the FWHM of the E z field is much more sensitive to distance than the E x field. A small change in distance therefore has a much higher impact on the shape of the pattern when compared to the E x field which makes the FWHM of the E z pattern a good marker for the distance. Second, the influence of the lens on the FWHM of the pattern of E z is larger than the influence on the FWHM of the pattern of E x . This allows a more accurate experimental determination of the lens with the pattern of the E z field.
These simulations clearly demonstrate the effect of decay of evanescent fields on the sharpness of the pattern: the image sharpness is strongly distance dependent, where steep edges get smoothed with distance. Hence, we conclude that the image obtained by the mapping of the single molecule will be dependent on both the distance of the molecule to the aperture as well as the performance of the NPM lens. The distance between the NSOM probe and the molecule, respectively. The normalized magnitude of the field components is plotted, evaluated at position 1 (green curve) and at position 2 (blue curve) as displayed in Fig. 4 , both for the slab-less situation. Clearly visible is the broadening of the field with distance. Red curve: the NPM slab is inserted and the magnitude of the fields is evaluated once again at position 2. The resulting field magnitudes are more confined and show more detail than their counterparts without the lens, the green curves.
combined with the measured evolution of image sharpness with distance, allows for a direct comparison between patterns characteristic for excitation with circularly polarized light with and without a lens present so that the imaging properties of the NPM lens can be addressed.
Measured evolution of |E z | 2 with height
Data on the evolution of the single molecule pattern as a function of distance is needed to be able to compare image sharpness with and without a NPM slab present. Here, we focus on the detection of E z for reasons made clear in the previous section. Note that I fl of a vertically oriented molecule is proportional to |E z | 2 . Figure 6 presents the mapping of the height dependence of the |E z | 2 field using the fluorescence of a vertically oriented molecule that exhibits the donut-like excitation pattern. From this data, the full width at half the maximum as a function of height can be extracted, by performing a cross-section through the pattern. Taking the center of the pattern as the origin, this results in a radial distribution of the intensity in fluorescence photon counts. To improve on the signal to noise ratio, for each probe-sample distance all pixels lying on a circle with a certain radius from the center of the pattern are integrated over 2π. The result is then divided by the number of pixels, which yields the average number of counts for a certain radius. This process is repeated for all radii. Figure 7 shows the radial distribution of the fluorescence counts as a function of probesample distance (solid lines). Also shown are calculated radial distributions (dotted lines). For these calculations the experimental data for the 'in-contact' case are fitted with the BetheBouwkamp model, with the 'in-contact' probe-sample distance, the aperture of the NSOM probe, the background intensity and a scaling factor to correct for the input power as the free parameters. The result is the blue dotted line in Fig. 7 . We find for the NSOM aperture diameter 154 nm, for the 'in-contact' distance 41 nm and for the background intensity 44 counts. The subsequent calculations for the other heights contain no free parameters and have only the measured height as input. The calculated theoretical curves are in good agreement with the measured data.
Furthermore, from Fig. 7 we can directly map image sharpness to distance between the NSOM probe and the single molecule. There are various ways to do this, but for reasons explained in the previous section the FWHM is a very suitable candidate. The FWHM versus distance of the data in Fig. 7 is shown in Fig. 8 . Clearly, the measured data is in good agreement with the theoretical curve. The single molecule thus is able to map the FWHM of the E z pattern as a function of distance, making the decrease of image sharpness with distance directly visible.
The influence of the NPM lens is that the FWHM of the pattern, as imaged by the single molecule, is less than can be expected given the total distance from the aperture. Therefore also the distance-dependency is different from what can be expected. Measuring the distancedependent pattern of the E z field with a NPM lens present will immediately reveal this nonstandard behavior. A direct comparison with the E z pattern without a lens will then unravel the imaging properties of the NPM lens.
Conclusion
We have presented a novel method that can directly evaluate the performance of a negative permittivity slab at optical frequencies. The usefulness of near-field scanning optical microscopy combined with single molecule detection is confirmed through our simulations. The simulations, which incorporate a Drude model realistic for silver, show that the negative permittivity slab will enhance the detail of the local field. Absorption limits the total enhancement of the image by the NPM slab, but nevertheless for the FWHM specifically the influence of the lens on the E z field is large: a reduction of the feature broadening by a factor of 1.9 is found. The calculations show the necessity of a vector detector, like a single molecule, for the evaluation. Through single molecule detection, we have measured how the E z field evolves with height. The measurements show the feasibility to use the near-field distance-dependency of the E z field as a marker for the reconstruction of the E z field by a NPM lens. 
